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Summary
Carbazole 1,9a-dioxygenase (CARDO), a member of
the Rieske nonheme iron oxygenase system (ROS),
consists of a terminal oxygenase (CARDO-O) and elec-
tron transfer components (ferredoxin [CARDO-F] and
ferredoxin reductase [CARDO-R]). We determined the
crystal structures of the nonreduced, reduced, and
substrate-bound binary complexes of CARDO-O with
its electron donor, CARDO-F, at 1.9, 1.8, and 2.0 A˚ res-
olutions, respectively. These structures provide the
first structure-based interpretation of intercomponent
electron transfer between twoRieske [2Fe-2S] clusters
of ferredoxin and oxygenase in ROS. Three molecules
of CARDO-F bind to the subunit boundary of one
CARDO-O trimeric molecule, and specific binding cre-
ated by electrostatic and hydrophobic interactions
with conformational changes suitably aligns the two
Rieske clusters for electron transfer. Additionally, con-
formational changes upon binding carbazole resulted
in the closure of a lid over the substrate-binding
pocket, thereby seemingly trapping carbazole at the
substrate-binding site.
Introduction
Various xenobiotic compounds have been produced
and released into the environment as a consequence
of industrial development. Most of these xenobiotics
are chemically stable and are thus recalcitrant and of
considerable concern as a result of their accumulation
in the food chain. In addition, most of these xenobiotics
are known or suspected to be highly toxic. Bacterial
metabolic capacities have therefore been actively stud-
ied for the purpose of bioremediation of these diverse
xenobiotic compounds, which are chemically stable
and known or suspected to be toxic. Many studies
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Japan.have demonstrated that an aromatic-ring dihydroxyla-
tion reaction plays a primary role in the initial step of aer-
obic bacterial degradation pathways for various natural
and synthetic aromatic compounds (Mason and Cam-
mack, 1992). This ring dihydroxylation is catalyzed by
multicomponent oxygenase systems known as Rieske
nonheme iron oxygenase systems (ROSs). With very
few exceptions, ROSs catalyze the incorporation of
both oxygen atoms of molecular dioxygen with tandem
carbon atoms of an aromatic ring as two hydroxyl
groups in the cis configuration. This dioxygenation is
known as lateral dioxygenation or cis dihydroxylation
(Mason and Cammack, 1992).
ROSs have been classified into three major groups
based on the number of constituent components and
the nature of the redox center (Batie et al., 1991). The ter-
minal oxygenase components of ROSs invariably con-
sist of an iron-sulfur protein with a Rieske-type [2Fe-
2S] cluster (Rieske cluster) and a mononuclear iron,
and the electron transport chain consists of either one
or two separate proteins: reductase alone or both ferre-
doxin and reductase (Mason and Cammack, 1992).
ROSs catalyze the dioxygenation of particular com-
pounds by using a dioxygen and two electrons. The
electrons, which are originally derived from NAD(P)H,
are transferred through the electron transport proteins.
Different types of electron transport between proteins
have been reported, but few studies have examined the
electron transport mechanisms between free-existing
proteins with respect to their three-dimensional struc-
tures. Three structures of complexes of ferredoxins with
their reductases have thus far been determined: the
complexes ofAnabaena and maize ferredoxins with their
respective ferredoxin:NADP+ oxidoreductase, which is
involved in oxygenic photosynthesis (Morales et al.,
2000; Kurisu et al., 2001), and the complex of adreno-
doxin with adrenodoxin reductase, which is involved
in mitochondrial steroid biosynthesis in the adrenal
cortex (Mu¨ller et al., 2001). To our best knowledge, the
structure of the oxygenase complex with its electron
donor protein has not yet been determined, with the
exception of the complex structure of the heme- and
FMN-binding domains of the bacterial cytochrome
P450BM-3, a prototype for the complex between eukary-
otic microsomal P450 monooxygenase and P450 reduc-
tase (Sevrioukova et al., 1999). As for the structures of
ROS components, those of three reductases, four ferre-
doxins, and eight terminal oxygenases have been deter-
mined (Ferraro et al., 2005), yet there have been no struc-
ture-based interpretations of the interactions among
ROS components.
We have been extensively investigating the enzymatic
function of carbazole 1,9a-dioxygenase (CARDO) from
various bacteria (Nojiri and Omori, 2002; Inoue et al.,
2004, 2005). Each component of CARDO from Pseudo-
monas resinovorans CA10 (CARDOCA10), those being
the terminal oxygenase component (CarAa trimer;
CARDO-OCA10) and the electron transport components
ferredoxin (CarAc monomer; CARDO-FCA10) and ferre-
doxin reductase (CarAd monomer; CARDO-RCA10), was
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Each subunit of CARDO-OCA10 contains a Rieske cluster
and a nonheme iron. CARDO-FCA10 contains a Rieske
cluster, and CARDO-RCA10 contains a plant-type [2Fe-
2S] cluster and an FAD. These characteristics of the elec-
tron transport chain suggest that CARDOCA10 is classi-
fied as class III according to Batie et al. (Nam et al.,
2002). From a survey of the distribution and diversity of
CARDO, we have obtained several bacterial strains that
have a car operon similar to that of CA10. One of these
strains, Janthinobacterium sp. J3, has a carAa gene
that has 47 nucleotide mismatches with the gene of
CA10, which results in three amino acid substitutions in
384-amino acid length. No functional differences were
observed between CARDO-O of J3 (CARDO-OJ3) and
CARDO-OCA10 in the analysis of substrate specificity
with resting cells of CARDO-expressing Escherichia
coli (data not shown). Recently, we reported the crystal
structure of CARDO-FCA10 (Nam et al., 2005) and
CARDO-OJ3 (Nojiri et al., 2005). In addition, we have re-
ported the crystallization and preliminary X-ray diffrac-
tion studies on the complex of CARDO-OJ3 with
CARDO-FCA10, although these components are not
from the same CARDO system (Ashikawa et al., 2005).
Here, we determined the binary complex structure of
CARDO-OJ3 and CARDO-FCA10 to explain the electron
transfer mechanism in CARDO. We also present the
structures of the reduced form of the binary complex
and of the ternary complex of CARDO-OJ3, CARDO-
FCA10, and carbazole. To the best of our knowledge,
these complex structures are the first reported struc-
tures of a biologically relevant complex between an oxy-
genase and its electron donor, ferredoxin, and the first
structural examples of a ROS electron transport com-
plex. They therefore provide important information for
understanding the general mechanisms of the compo-
nent interactions and electron transport from ferredoxin
to terminal oxygenase in ROSs and provide insight into
the molecular structure governing the classification of
ROSs by electron transfer characteristics, as proposed
by Batie et al. (1991). In addition, structural comparison
between the binary complex and the substrate-bound
binary complex revealed conformational changes that
seem to be essential to the substrate binding of
CARDO-O.
Results and Discussion
Oxidation State of the Rieske Cluster
of the Respective Components
In this paper, the terminal oxygenase component
(CARDO-OJ3) and the ferredoxin component (CARDO-
FCA10) will be simply abbreviated as Oxy and Fd, respec-
tively. The Oxy and Fd were purified under aerobic con-
ditions. The mixed solution of purified Oxy and Fd for
crystallization had absorption maxima around 320 and
461 nm, with a broad shoulder at about 570 nm (parts
of the absorption spectra are shown in Figure S1, avail-
able with this article online), which were typical for
Rieske cluster-containing proteins including CARDO-O
and CARDO-F (Nam et al., 2002). Such absorption dis-
appeared with addition of sodium dithionite (Figure S1).
Accordingly, it could be concluded that the Rieske
clusters in Oxy and Fd were both oxidized. Absorptionspectra from crystals of the binary complex and the
reduced binary complex with sodium dithionite (Com-
plexred) were measured by using the single-crystal
microspectrophotometer. As a result, a similar absorp-
tion pattern was observed for the reduced/nonreduced
crystals (Figure S1), suggesting that the Rieske clusters
in the binary complex and Complexred were oxidized
and reduced, respectively.
Overall Structural Description of the Binary Complex
The binary complex (Oxy:Fd complex) consists of one
molecule of Oxy (three CarAa subunits; chains A, B,
and C) and three molecules of Fd (chains D, E, and F)
(Figures 1A and 1B), and the asymmetric unit of the crys-
tal contains one Oxy:Fd complex. The structure of the
Oxy subunit (CarAa protein) can be divided into two dis-
tinct domains (Figure 1C), one containing the active-site
mononuclear iron (II) (catalytic domain) and the other
containing the Rieske cluster (Rieske domain) (Nojiri
et al., 2005). The Fd molecule has a wedge shape, and
its structure can also be divided into two domains,
a basal domain and a cluster binding domain (Figure 1D),
with the Rieske cluster located at the tip of the cluster-
binding domain (Nam et al., 2005). Three molecules of
Fd bind to the subunit boundary of one Oxy molecule,
and the complex appears to be a trimer of heterodimers
consisting of one Oxy subunit and one Fd molecule. The
superposition of three molecules of Fd binding to one
Oxy molecule resulted in a root-mean-square difference
(rmsd) of 0.73 A˚ for the cluster-binding domains (45 Ca
atoms) and 1.87 A˚ for the basal domains (59 Ca atoms)
(Figure 2A). Moreover, the average temperature factor
of the basal domains in Fd was 51.0 A˚2, which was higher
than those of the cluster-binding domains (36.8 A˚2)
and Oxy molecule (35.6 A˚2). These suggest that the
binding of the cluster-binding domain to the Oxy subunit
boundary is almost identical among the three Fd mole-
cules, although the basal domains of the Fd molecules
deviated slightly (Figure 2A). The resultant positions of
the Fd molecules with respect to the Oxy molecule suit-
ably align the respective Rieske clusters for electron
transfer between the components.
Interactions occurred between the cluster-binding
domain of Fd and four regions (region 1, residues 11–
15; region 2, 115–119; region 3, 210; and region 4, 350–
363) of Oxy at an intercomponent surface of the binary
complex (Figures S2 and S3). This surface in the binary
complex structure consisted of 34 residues (19 of Oxy
and 15 of Fd), and the accessible area buried in the inter-
face was approximately 1800 A˚2 (calculated by the
program GRASP [Nicholls et al., 1991]) for each pairing,
which covers 12% and 39% of the total surface area of
Oxy and Fd, respectively. This value conforms to that
of ‘‘standard-size’’ interfaces in various complexes as
defined by Lo Conte et al. (1999).
Electrostatic and Hydrophobic Interactions
at the Oxy:Fd Interface
Eighteen charged or hydrophilic amino acid residues
were located in the Oxy:Fd interface; all of these sur-
rounded the Rieske cluster of Fd with the exception of
two histidine ligands of the Fd Rieske cluster. Four pairs
of these residues (Lys13, Arg118, Arg210, and Glu353 in
Oxy paired, respectively, with Glu64, Glu43, Glu55, and
Oxygenase-Ferredoxin Binding for Electron Transfer
1781Figure 1. Overall Structures of the Binary
Complex of CARDO-OJ3 with CARDO-FCA10
(A and B) The top view (A) and side view (B) of
the binary complex are shown, respectively.
The three CARDO-OJ3 (Oxy) subunits (chain
A, slate blue; chain B, forest green; and chain
C, red) and three CARDO-FCA10 (Fd) mole-
cules (chain D, cyan; chain E, yellow; and
chain F, salmon) are shown. The Rieske clus-
ters and the nonheme irons are shown as
spheres (iron and sulfide ions are shown in
green and yellow, respectively).
(C and D) The domain structures of Oxy (C)
and Fd (D) are also shown. The Rieske and
catalytic domains of the Oxy subunit are col-
ored steel blue and light blue, respectively.
The basal- and cluster-binding domains of
the Fd molecule are colored light salmon
and pink, respectively.His68 in Fd) formed salt bridges and hydrogen bonds
(Figure 2B). In addition, four hydrogen bonds between
side-chain nitrogen atoms in Oxy and main-chain
oxygen atoms in Fd (Arg11Nh1–His68O, Arg11Nh1–
Ser82O, Arg11Nh2–Ser82O, and Gln119N32–Thr47O)
were also present, and ten amino acid residues in the
complex created hydrogen-bond networks between
Oxy and Fd via one water molecule (Figure 2C). The bi-
nary complex was generally stabilized by electrostatic
interactions between the basic residues of Oxy and
acidic residues of Fd. Hydrophobic interactions at the
component boundary in the binary complex consisted
of eight residues (Val12, Trp15, Val351, Leu355, and
Val363 in Oxy and Ile50, Phe67, and Pro83 in Fd)
(Figure 2D). These electrostatic interactions, hydrogen
bonds, and hydrophobic interactions appear to play
a major role in determining the binding characteristics
between the two proteins and in stabilizing the complex
form.
Conformational Changes upon Formation
of the Oxy:Fd Binary Complex
The crystal structures of Oxy (Nojiri et al., 2005) and Fd
(Nam et al., 2005) in the free state have previously
been determined. Both proteins have significant struc-
tural differences between the binary complex and their
respective single states. The superposition of the ferre-
doxin-bound and free Oxy structures showed two clear
movements of the main chain, at Lys12–Trp15 and
Asp347–Asn352, which are found at the component
boundary (Figure 3A). Both movements were caused
by the interaction of two components and the resultant
complex formation. The side chain of Trp15 was flipped
to form the ‘‘face-to-edge’’ hydrophobic interaction with
the side-chain phenyl moiety of Phe67 in Fd, resulting in
the movement of the main chain at Lys12–Trp15 (Figures
2D and 3B). In residues 347–352 of Oxy, the complex for-
mation forced the main chain of this region to shift oppo-site Fd, causing the side chain of Val351 to flip and form
a hydrophobic interaction with Pro83 in Fd (Figures 2D
and 3B). Additionally, superposing the structures of Fd
in the binary complex and in the single state revealed
two notable shifts of the loop structures consisting of
Pro66–Gly70 and His48–Ala51, which included two re-
spective histidine ligands of the Rieske cluster (Fig-
ure 3A). The side and main chains of Phe67 shifted
clearly as a result of hydrophobic interactions with the
side chains of Trp15 and Val363 in Oxy (Figure 2D),
and one hydrogen bond between Oxy Gly14N and Fd
Phe67O, through a single water molecule, stabilized
the complex form (Figure 3B). The His68 residue of Fd
was shown to move approximately 1.4 A˚ toward O32 of
Glu353 in Oxy, while the side chain of Glu353 simulta-
neously shifted about 0.5 A˚ toward Fd (Figure 3C). These
shifts allowed His68N32 of Fd to form an electrostatic
interaction with Glu353O32 of Oxy. In the binary complex
structure, the conformation of the side and main chains
of Fd Ile50 was caused by the hydrophobic interaction
between Phe67 in Fd and Leu355 in Oxy (Figures 2D
and 3B). Several conformational changes in other resi-
dues also could affect the interactions determining the
orientation of the two proteins and stabilizing their
complex structure. The side chain of Arg11 in Oxy
moved toward His68 and Ser82 in Fd and formed three
hydrogen bonds with the two Fd residues (Figures 2B
and 3C). The formation of three electrostatic interactions
(Lys13, Arg118, and Arg210 in Oxy with Glu64, Glu43,
and Glu55 in Fd, respectively) caused the side chains
of these residues to move (Figure 3D). In their free
states, most of the above-mentioned residues of
Oxy and Fd were exposed toward the solvent and
formed hydrogen bonds with water molecules. How-
ever, when the two components formed a complex,
conformational changes occurred in these residues,
and these contributed to new interactions that stabilized
the complex.
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Oxy:Fd Binary Complex
(A) The superposed view of three Fd mole-
cules bound to Oxy shown as the flow of the
chain. Magenta and brown broken lines indi-
cate the distances between the Nd1 atoms
of the histidine ligands of the Fd Rieske clus-
ter and that of Oxy Rieske cluster, respec-
tively. The green broken line indicates the dis-
tance between the N32 atom of the histidine
ligand of the Oxy nonheme iron and the Nd1
atom of the histidine ligand of the Fd Rieske
cluster. The orange broken line indicates the
distance between the Nd1 atom of the histi-
dine ligand of the Rieske cluster and the N32
atom of the histidine ligand of the nonheme
iron in Oxy. The Rieske cluster and the non-
heme iron are shown as spheres, and their li-
gand residues are expressed as stick models.
(B–D) The electrostatic interactions and hy-
drogen bonds directly formed between the
components (B); the hydrogen-bond net-
works via a water molecule (C); and the amino
acid residues involved in the hydrophobic in-
teractions (D) are shown. In these panels, the
Rieske cluster and the relevant amino acid
residues are drawn as ball-and-stick models.
Iron and sulfide ions are shown in green and
yellow, respectively. In (C) and (D), water mol-
ecules are drawn as small spheres. Electro-
static interactions and hydrogen bonds are
shown as red dotted lines.Based on the amino acid residues located around
their Rieske clusters, the Rieske ferredoxins of ROSs
can be classified into four groups (groups f-I to f-IV)
(Nam et al., 2005). Fd (CARDO-FCA10) belongs to group
f-III, having the fewest positive amino acids of all the
groups and several commonly conserved negative resi-
dues (Nam et al., 2005) (Figure S2). The conservation of
these amino acid residues located around the Rieskecluster of Fd can be explained by the importance of
the specific interactions formed in the binary complex
structure. For example, three of the conserved negative
residues (corresponding to Glu43, Glu55, and Glu64 in
Fd) were found to contribute to electrostatic interactions
in the binary complex (Figure 2B). In addition, Ile50 and
Phe67 of Fd are involved in important hydrophobic in-
teractions concomitant with significant conformationalFigure 3. Conformational Changes Observed
in the Complex Boundary of Oxy and Fd
(A) The superposed view of the binary com-
plex structure and each free structure of
Oxy and Fd are shown as ribbon presenta-
tions and colored as in Figure 1. The single
states of two Oxy subunits (corresponding
to chain A and chain B in binary complex
structure) and Fd are colored brown, light
gray, and green, respectively. The Ca atoms
of the first and last amino acid residues in
the regions where clear main-chain move-
ments were observed are shown as sphere
models.
(B–D) Relevant amino acid residues showing
the conformational changes upon complex
formation are presented as stick models.
The Rieske cluster is shown as sphere
models. The movements of the side chains
are indicated by black arrows. Electrostatic
interactions and hydrogen bonds are shown
as red dotted lines.
Oxygenase-Ferredoxin Binding for Electron Transfer
1783changes in the binary complex (Figures 2D and 3B). It is
noteworthy that these hydrophobic residues are con-
served only in the group f-III ferredoxins and that the
residues are not conserved in ferredoxins in other ROSs
including naphthalene 1,2-dioxygenase, which is classi-
fied into class III ROSs (Figure S2). This suggests that
Ile50 and Phe67 are likely to play major roles in forming
the complex and transporting electrons between Oxy
and Fd in class III CARDOs. It is likely that the conserved
residues in each of Batie’s classes (Batie et al., 1991)
shown in Figures S2 and S3 are involved in their specific
complex formation.
The reduced Oxy:Fd binary complex structure (Com-
plexred) was also determined from the crystal after re-
duction for 20 min with sodium dithionite. In our binary
complex structures, it is worth noting that there is a re-
dox-linked movement in the vicinity of the Rieske cluster
at the interface of two redox partners. A comparison of
the structure of the Complexred with that of the binary
complex revealed a shift of approximately 0.6 A˚ for the
phenyl group of Fd Phe67 opposite the Rieske cluster
in the reduced state structure, although the positions
of other residues around Phe67 had hardly changed
(Figure S4). This movement created an open space for
the binding of a water molecule, which positioned itself
at a distance of approximately 3.2 A˚ from the S2 atom of
the Rieske cluster (Figure S4). In the electron transfer
between Anabaena ferredoxin and its respective reduc-
tase, Morales et al. suggested that a redox-linked con-
formational change of the ferredoxin could be partly
involved in the dissociation of two electron-transfer
partners (Morales et al., 2000). This, taken together
with the fact that Phe67 in Fd was found to be one of
the important residues in complex formation (Figures
2D and 3B), suggests that this residue might have a crit-
ical role in the association/dissociation of Oxy and Fd via
the conformational change of the side chain.
Electron Transfer from Fd Rieske Cluster
to Oxy Rieske Cluster
The distance between the Fd Rieske cluster and Oxy
nonheme iron was about 22 A˚ (Figure 2A), which is too
far for the direct electron transfer without Oxy Rieske
cluster. On the other hand, the average distance be-
tween the ligand atoms of the Rieske clusters in Oxy
and Fd was approximately 12–13 A˚ (Figure 2A). It is
within the 14 A˚ threshold defining the limit of electron
tunneling in a protein medium (Page et al., 1999), and
such geometry is suitable for electron transfer between
the clusters. To situate the both Rieske clusters suitable
for electron tunneling in a protein medium, the interac-
tion between the molecular surfaces of each component
may be most important.
Based on the binary complex structure, we can also
assume two electron transfer pathways, partly mediated
by hydrogen bonds with water molecules, between the
two Rieske clusters (Figure 4). After an electron is trans-
ferred to the Oxy Rieske cluster, it is further transported
to the nonheme iron in the active site. The distance be-
tween the ligand atoms of the Rieske cluster and the
nonheme iron was approximately 9 A˚ (Figure 2A), well
within the 14 A˚ threshold (Page et al., 1999). Electron
transfer between Oxy subunits was proposed to be
from the Rieske cluster via Asp180 to the nonhemeiron in the active site (Nojiri et al., 2005) (Figure 4). A sim-
ilar electron transfer pathway mediated by aspartic acid
residue has been proposed for naphthalene 1,2-dioxy-
genase based on its recently discovered configuration
(Karlsson et al., 2003).
At present, several bacteria possessing CARDOs
have been isolated. The CARDOs from P. resinovorans
CA10, Janthinobacterium sp. J3, Pseudomonas stutzeri
OM1, and Pseudomonas sp. XLDN4-9 belong to class III
in Batie’s classification (Nojiri and Omori, 2002; Inoue
et al., 2004; Ouchiyama et al., 1998; Li et al., 2004). The
CARDOs from Sphingomonas sp. KA1 and GTIN11 be-
long to class IIA (Inoue et al., 2004; Urata et al., 2006; Kil-
bane et al., 2002), while the CARDO from Nocardioides
aromaticivorans IC177 belongs to class IIB (Inoue
et al., 2005, 2006). The CARDO-Os in respective classes
received electrons from different type of CARDO-Fs,
and it has not been clarified whether the electron trans-
fer between CARDO-O and CARDO-F in classes IIA and
IIB CARDOs occurs after complex formation similar in
class III CARDO. By comparing the above-mentioned
classes of CARDO-Os, we found that amino acid resi-
dues located between two Rieske clusters are almost
conserved (Figure S3). We therefore propose that similar
electron transfer can be considered for the CARDO-O
molecules even though their respective electron donor
ferredoxins are different. It is important to note, how-
ever, that the alignment among respective CARDO-Os
showed characteristics of each class of CARDO-O at
four interaction regions (Figure S3). Given that the resi-
dues contributing to the Oxy:Fd complex formation
presented in this study were not conserved in class
IIA and IIB CARDOs, the ferredoxin selectivity of oxy-
genase may be determined not by the electron transfer
pathway but instead by the interaction between the
molecular surfaces of each component in the complex
formation.
In the surface plot, the Fd-binding regions were posi-
tioned in the subunit boundary of one Oxy trimeric mol-
ecule as pronounced depressions (Figure 5A). Such de-
pressions seemed to be suitable for binding Fd. Based
on the crystal structures reported in oxygenase compo-
nents having the a3b3 configuration in class IIB and III
ROSs, we can propose two regions in oxygenase that
possibly interact with ferredoxin. One is the region that
corresponds to the Fd-binding position shown by violet
dotted circle (Figures 5B and 5C). Oxygenase compo-
nents of biphenyl 2,3-dioxygenase (BDO-O) of Rhodo-
coccus sp. RHA1 (Furusawa et al., 2004) and of naphtha-
lene 1,2-dioxygenase (NDO-O) from Pseudomonas
sp. NCIB9816-4 (Kauppi et al., 1998) have depressions,
which locate the a subunits boundary corresponding
to Fd-binding region of Oxy (Figure 5), although both
of which are classified into class IIB and class III, respec-
tively. The other region is the depression formed by the
two a subunits and two b subunits, which is shown by
white dotted circle in Figures 5B and 5C. Such depres-
sions seem to fit with the wedge-shape cluster binding
domain of ferredoxin, which is reported in biphenyl
2,3-dioxygenase ferredoxin (BDO-F) of Burkholderia
xenovorans LB400 (Colbert et al., 2000). In fact, an at-
tempt to simulate the interaction between BDO-O and
BDO-F with the program FTDOCK (Gabb et al., 1997)
provided several predicted structures in which BDO-F
Structure
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The active-site iron and its coordinated residues of Oxy chain A, the Rieske clusters and the coordinated residues of Oxy chain B and Fd, and the
amino acid residues and water molecules possibly involved in the electron transfer in the complex are shown. Each chain is colored as in Figure 1.
The magenta and brown dotted lines indicate the hypothetical two electron transfer pathways (routes 1 and 2) between the two Rieske clusters.
The possible electron transfer pathway from the Rieske cluster to the active-site iron in Oxy is shown as orange dotted lines. Residues and the
Rieske cluster are plotted as ball-and-stick models, and iron ions, sulfides, and water molecules are shown as green, yellow, and small red
spheres, respectively. Route 1 is formed as follows: from the N32 of cluster ligand Fd His48 to the carbonyl O atom of Oxy (chain B) Leu70 via
water molecule(s) and the carbonyl O atom of Oxy (chain A) Asn352, then to cluster ligand Oxy (chain B) His71 via main-chain bonds, then to
the imidazole Nd1 atom of this residue, and finally to the FE2 atom of the Rieske cluster of Oxy (chain B). Route 2 is as follows: an electron is trans-
ported from the N32 atom of cluster ligand Fd His68 to the FE2 atom of the Rieske cluster of Oxy (chain B) through one water molecule and Glu353,
Tyr344, and Asp359 in Oxy (chain A) and Arg72 and His71 in Oxy (chain B).interacted with BDO-O at the proposed depressions
(data not shown).
In the complexes of Anabaena ferredoxin and maize
ferredoxin with their respective reductases (Morales
et al., 2000; Kurisu et al., 2001), the two redox centers
(the [2Fe-2S] cluster of ferredoxin and FAD of reductase)
were much closer to each other (4–8 A˚), and no amino
acid residues existed in the space between two redox
centers. In addition, in these ferredoxin:reductase com-
plexes, the amino acid residues located at the com-
ponent interface formed a hydrophobic environment
around the two redox centers. In the case of Oxy:Fd
complex in CARDO, a hydrophobic atmosphere was
formed around two Rieske clusters; however, water mol-
ecules existed in the interface region (Figure 2D), and
there were several amino acid residues between two
Rieske clusters (Figure 2). In the binary complex struc-
tures of mitochondrial adrenodoxin with adrenodoxin
reductase (Mu¨ller et al., 2001) and cytochrome c peroxi-
dase with cytochrome c (Pelletier and Kraut, 1992), and
in the ternary complex structure of methylamine dehy-
drogenase, amicyanin, and cytochrome c551i (Chen
et al., 1994), the environments around the redox centers
(distance between the redox centers, hydrophobic at-
mosphere, and the presence of amino acid residues)
were similar to those in our complex structure. Such
difference might be related to the selectivity stringency
of the redox pair recognition or to the binding strengthbetween the two redox partners; the Anabaena and
maize complexes can serve as electron donors for vari-
ous enzymes (Morales et al., 2000; Kurisu et al., 2001),
whereas the recognition between other redox pairs,
including Oxy and Fd, seems to be rather specific.
The Substrate-Binding Structure
To understand the molecular basis for the reaction acti-
vation, we have tried to determine the substrate-binding
structure of Oxy, but we have been unsuccessful owing
to the instability of the single-state crystals. Here, we
used the crystals of the binary complex soaked in carba-
zole-containing solution. Crystals of the binary complex
were soaked in a crystallization solution containing
0.25% (w/v) carbazole dissolved in dimethylsulfoxide
for 30 min. Using the resultant crystals, we have suc-
cessfully identified the Oxy:Fd:carbazole ternary com-
plex structure (Complexsubs). Interestingly, the electron
density maps of carbazole were observed only in chains
B and C of Oxy in Complexsubs. For this reason, we pro-
posed that the Oxy subunit (chain C) and Fd monomer
(chain E) of the symmetry-related complex partially filled
the entrance of the substrate-binding pocket in chain A
of Oxy; as a result, the residues in chain A could not
cause the conformational changes because of strong in-
teractions with the symmetry-related complex.
The electron density maps of carbazole showed a
three-ring shape with the middle ring constricted. This
Oxygenase-Ferredoxin Binding for Electron Transfer
1785Figure 5. Hypothetical Ferredoxin-Binding
Region in Class IIB and III Oxygenases
(A–C) The surface plots of top view (left) and
side view (right) of the Fd-removed binary
complex (A), the oxygenase component of bi-
phenyl 2,3-dioxygenase from Rhodococcus
sp. RHA1 (Furusawa et al., 2004) (B), and
the oxygenase component of naphthalene
1,2-dioxygenase from Pseudomonas sp.
NCIB9816-4 (Kauppi et al., 1998) (C) are
shown. In each structure, a (large or catalytic)
subunits are colored by the combination of
forest green, blue, and red, while b (small or
structural) subunits are shown by the combi-
nation of yellow, cyan, and salmon. The
Rieske cluster and the nonheme iron are
shown as spheres. The Fd-binding regions
in the binary complex are shown by orange
surface and violet dotted circle in (A). In (B)
and (C), hypothetical ferredoxin-binding re-
gions, which correspond to Oxy:Fd-binding
region, are also shown by violet dotted cir-
cles. White dotted circles indicate the de-
pression formed by two a and two b subunits.structure was supportive of a five-membered middle
ring, and we were able to determine the orientation of
carbazole (Figure 6A). The refinement of the Complexsubs
structure indicated that carbazole bonded above the
nonheme iron. The C1 and C9a carbon atoms to be hy-
droxylated were located at a distance of about 4.3 A˚
from the iron at the active site, and the water or hydroxyl
ligand of the nonheme iron was 2.8–2.9 A˚ from the two
carbon atoms, whose binding characteristics were
nearly identical to the predicted docking structure (Nojiri
et al., 2005). The wall of the substrate-binding site was
composed mainly of aromatic and hydrophobic residues
(Ile184, Ala259, Ile262, Leu270, Val272, Phe275, and
Phe329) at the P- and D-regions (Nojiri et al., 2005)
(Figure 6A). Located at the bottom of the substrate-bind-
ing pocket were the charged and hydrophilic residues
(Gln282, Glu284, and Asn330). These residues created
a flat and elongated compartment in which carbazole
was oriented such that the imino nitrogen of its middle
ring was situated within hydrogen-bonding distance of
the carbonyl oxygen of Gly178 (approximately 2.9 A˚)(Figure 6A). Based on the calculated van der Waals sur-
face, carbazole was found to bind tightly to the surface
at the substrate-binding site. The above-mentioned hy-
drogen bond seems to be critical for the binding orienta-
tion as well as the substrate in 2-oxoquinoline 8-mono-
oxygenase (Martins et al., 2005).
Following the binding of carbazole, small conforma-
tional changes were observed in Ile184 and Ala259–
Asp261. These movements seemed to be the result of
avoiding interference with the substrate and retaining
the bond at the substrate-binding site. Conversely, amino
acid residues Leu202–Thr214 and Asp229–Val238, which
were situated near the entrance of the substrate binding
pocket, adopted a different structural conformation in
Complexsubs (Figures 6B–6D). Both regions moved to-
ward the entrance with shifts of up to approximately
4 A˚ for the Ca atoms. Comparison of the lid structures
suggested a rigid body motion took place between the
two hinges located at both end of the loop Asp229–
Val238 accompanied with the flip of the side chain of
Ile231, while conformational change was observed in
Structure
1786Figure 6. Substrate Binding to the Binary Complex of Oxy and Fd and the Resultant Conformational Changes
(A) Carbazole is located at the substrate-binding pocket. The iron ion ligands and amino acid residues that contact the substrate are shown in
stick models and are colored salmon. Carbazole is also shown as a stick model (white for carbon). The iron ion and the water ligand are shown
as green and small red spheres, respectively. The hydrogen-bond interaction between carbazole and the carbonyl oxygen of Gly178 is indi-
cated by a red broken line. The substrate was omitted for the calculation of the difference density map, which is shown in blue and contoured
at 3.0 s.
(B) The ribbon representation of a superimposition of the entrance of the substrate-binding pocket in the binary complex and the carbazole-
bound ternary complex (Complexsubs) are shown. Conformational changes are obvious for amino acid residues Leu202–Thr214 (shown as
cyan [binary complex] and orange [Complexsubs] lines following the chains) and Asp229–Val238 (shown as lime [binary complex] and magenta
[Complexsubs] lines following the chains). Phe204 and Ile231, which had large conformational changes, are shown as stick models.
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1787Table 1. Crystal Data and Refinement Statistics of the Three Complex Structures
Binary Complex
Reduced Binary Complex
(Complexred)a
Carbazole-Bound Binary Complex
(Complexsubs)b
Crystal Data
Space group P21 P21 P21
Unit cell parameters (A˚, ) a = 97.1, b = 89.8, c = 104.9,
b = 103.8
a = 98.2, b = 90.0, c = 105.5,
b = 104.1
a = 97.9, b = 89.4, c = 104.7,
b = 104.2
Completeness (%)c 100 (100) 99.7 (98.3) 100 (100)
Rmerge (%)
c 8.0 (41.9) 7.2 (24.4) 5.5 (39.7)
Resolution range (A˚)c 50.0–1.90 (1.97–1.90) 50.0–1.80 (1.86–1.80) 50.0–2.00 (2.07–2.00)
Total number of reflections 1,131,785 1,209,703 446,266
Number of unique reflections 138,930 (13,797) 164,844 (16,077) 118,220 (11,779)
Refinement
Resolution range (A˚)c 44.9–1.90 (1.97–1.90) 47.7–1.80 (1.86–1.80) 41.9–2.00 (2.07–2.00)
R factor (%)d 19.9 18.7 20.7
Rfree (%)
e 23.3 21.4 23.8
Rms deviations
Bond length (A˚) 0.005 0.005 0.005
Bond angles () 1.3 1.3 1.3
a Complexred, crystals of the binary complex soaked in a crystallization solution containing 20 mM sodium dithionite for 20 min.
b Complexsubs, crystals of the binary complex soaked in a crystallization solution containing 5% (v/v) carbazole dissolved in dimethylsulfoxide
for 30 min.
c Values in parentheses are for the outermost shell.
d R factor is defined as R = SjjFobsj 2 jFcalcjj/SjFobsj.
e Rfree has been calculated with 5% of the unique reflections.another loop Leu202–Thr214. Especially pronounced
were the movements of Phe204 and Ile231, which were
shifted to close the entrance of the substrate binding
pocket (Figure 6B). The average temperature factors of
in the two regions (40.5 A˚2 and 38.5 A˚2 for Leu202–
Thr214 and Asp229–Val238, respectively) were relatively
high compared with those of the whole Oxy molecule in
Complexsubs (29.5 A˚2), indicating the mobile character
of both regions. These conformational changes resulted
in the closure of a lid over the substrate-binding pocket in
Complexsubs, thereby seemingly trapping carbazole at
the substrate-binding site (Figures 6C and 6D). The en-
zyme may therefore be able to exclude water from the
active site during turnover and to minimize the risk of
leakage of partially processed substrates. The combina-
tion of residues situated near the entrance of the sub-
strate-binding pocket and the substrate-binding site
with different characters seems to determine the sub-
strate specificity and the capacity for various oxidation
of this enzyme.
Experimental Procedures
Purification and Crystallization
The terminal oxygenase component from Janthinobacterium sp. J3
(CARDO-OJ3) and the ferredoxin component from Pseudomonas
resinovorans CA10 (CARDO-FCA10) were used as CARDO compo-
nents. Both components were purified as described previously
(Nojiri et al., 2005; Nam et al., 2005). The crystallization conditions
for the binary complex of CARDO-OJ3 with CARDO-FCA10 were the
same as described previously (Ashikawa et al., 2005).
Preparation of the Reduced Binary Complex Crystals
After a 20 min soaking of the binary complex crystals in the crystal-
lization solution containing 20% (v/v) glycerol and 20 mM sodiumdithionite within a well of a microbatch plate (Hampton Research,
CA) at 20C, the crystals were flash frozen in a nitrogen stream at
100 K. During reduction, soaking solution containing binary complex
crystals was covered with Al’s oil to avoid direct exposure to air.
Preparation of the Crystals of the CARDO-OJ3:CARDO-
FCA10:Carbazole Ternary Complex
Crystals of the binary complex were soaked in the crystallization
solution containing 20% (v/v) glycerol, 5% (v/v) dimethylsulfoxide,
and 0.25% (w/v) carbazole for 30 min at 20C. The crystals were
cryocooled in liquid nitrogen.
Measurement of UV-Visible Absorption Spectra of the Rieske
Cluster
Absorption spectra from the mixed solution of Oxy and Fd, which
was used for crystallization (2 mg ml21 in 50 mM Tris-HCl [pH 7.5]),
were taken at room temperature as described previously (Nam
et al., 2002). Absorption spectra of crystals of the binary complex
and the reduced binary complex were measured with the microspec-
trophotometer under cryostream of nitrogen at 100 K (Chiu et al.,
2006). The microspectrophotometer system consisted of a deute-
rium tungsten halogen light (Ocean Optics, DT-MINI), Cassegrainian
mirrors (Bunkoh-Keiki Co., Ltd.), an optical fiber, and a liner CCD-
array spectrometer (Ocean Optics, SD2000).
Data Collection
The X-ray diffraction data for the three complex crystals were col-
lected at 100 K on the beamlines 5A, 6A, and AR-NW12A at Photon
Factory and BL41XU at SPring-8. All diffraction data were gathered
with a wavelength of 1.0 A˚ and processed with HKL2000 software
(Otwinowski and Minor, 1997). The data collection and processing
statistics are given in Table 1.
Molecular Replacement, Model Building, and Refinement
The structures of the terminal oxygenase component (CARDO-OJ3;
1WW9) and ferredoxin component (CARDO-FCA10; 1VCK) were
used as molecular replacement models for the program Molrep
(Vagin and Teplyakov, 1997). Refinement and model building in the
electron density map were carried out with the Quanta (Accelrys,(C and D) The surface plots of the binary complex (C) and Complexsubs(D). White arrows indicate the entrance of the substrate binding pocket.
The small panels in (C) and (D) show the molecular surface of the binary complex and Complexsubs from the orientation directed by the white
arrows. The stick models of Phe204 and Ile231 are similar to those of panel (B).
Structure
1788San Diego, CA) and Xtalview (McRee, 1999) programs. Refinement
was carried out with the Refmac5 program in CCP4 (CCP4, 1994)
and CNS 1.1 (Bru¨nger et al., 1998) by gradually adding water mole-
cules. The stereochemistry of the model was analyzed with the Pro-
check (Laskowski et al., 1992) and Whatcheck (Hooft et al., 1996)
programs. All descriptions of crystal structures were generated
with Molscript (Kraulis, 1991), Raster3D (Merritt and Bacon, 1997),
and PyMOL (DeLano, 2001).
Superimposition of the Protein Structures
Least-squares comparisons of various structures were carried out
with Quanta (Accelrys, San Diego, CA).
Supplemental Data
Supplemental Data include UV-visible absorption spectra of oxidized
and reduced the binary complexes, amino acid sequence alignments
of several ferredoxins or oxygenases, and a description of the re-
duction-dependant movement of Fd Phe67, and are available at
http://www.structure.org/cgi/content/full/14/12/1779/DC1/.
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(accession code 2DE5, 2DE6, and 2DE7 for the binary complex
structure of CARDO-OJ3 and CARDO-FCA10, the reduced binary
complex structure, and the carbazole-bound binary complex struc-
ture, respectively).
